J Clin Invest. 1989;84(3):765-772. https://doi.org/10.1172/JCI114234. Plasmodium falciparum-infected erythrocytes (IE) specifically adhere to vascular endothelium in vivo and to human endothelial cells, some human melanoma cell lines, and human monocytes in vitro. The tissue cell receptor for a ligand on the surface of the infected erythrocytes is an Mr 88,000 glycoprotein (GP88) recognized by the MAb OKM5, which also blocks cytoadherence of IE. Isolated, affinity-purified GP88 (CD36) competitively blocks cytoadherence and when absorbed to plastic surfaces, specifically binds P. falciparum IE. Additionally, monoclonal and polyclonal antibodies to GP88 block cytoadherence to both target cells and immobilized GP88. Binding to GP88 by IE is unaffected by the absence of calcium or the absence of thrombospondin, a putative mediator for cytoadherence of P. falciparum IE. Thus, GP88 (CD36), which has been demonstrated to be the same as platelet glycoprotein IV, interacts directly with P. falciparum IE, presumably via a parasite-induced ligand exposed on the surface of the infected erythrocytes. CD36 is shown to be present on brain endothelium in both individuals without malaria and individuals with cerebral malaria. This would suggest that factors other than just cerebral sequestration of IE play an initiating role in the genesis of cerebral malaria.
Introduction
The adherence of trophozoite-infected erythrocytes to vascular endothelium plays an important role in the biology of Plasmodium falciparum malaria. Erythrocytes infected with ringstage (an early developmental form) parasites circulate freely through the circulatory vasculature. However, as the intraerythrocytic parasites mature the trophozoite-infected erythrocytes disappear from the peripheral circulation and become sequestered in postcapillary venules by adhering to the endothelium (1, 2) . This cytoadherence of infected erythrocytes (IE)' may have two consequences in the pathogenesis of this 1. Abbreviations used in this paper: IE, infected erythrocytes; FVO, Vietnam Oaknoll; MC, Malayan camp; NETT, 0.15 M NaCI, 5 mM EDTA, 50 mM Tris, 0.5% Triton X-100, pH 7.2; SL, Santa Lucia; TSP, thrombospondin. host-parasite relationship. First, by preventing the IE from freely circulating, the parasites promote their survival by avoiding passage through an immunologically active spleen (3, 4) . Secondly, the sequestration of IE in vessels of the brain whereby blood flow could be occluded has been thought to be a major factor in the genesis ofcerebral malaria (5-7), a sometimes severe, frequently lethal syndrome of P. falciparum infections. Study of the host and parasite components involved in the cytoadherence of P. falciparum infected erythrocytes may provide mechanisms that could disrupt this interaction and thus inhibit parasite development and moderate the severity of the disease.
In vitro P. falciparum IE specifically attach to monolayers of human endothelial cells (8) , monocytes (9, 10) , and some human melanoma cell lines (1 1, 12) . In vivo and in vitro, the adherence of IE mediated by junction formation between an area localized over electron dense protrusions (knobs) ( 13) in the infected erythrocyte membrane and the endothelial cell membrane (8, 14) . It has been previously shown that an MAb, OKM5 (10) , inhibits the in vitro cytoadherence of P. falciparum IE to these specific human target cells. OKM5 is reactive with endothelial cells, C-32 human melanoma cells, monocytes, and platelets (10, 15) and identifies an 88-kD glycoprotein (CD36) in the membranes of these cells (10, 15) . Thus, this glycoprotein appeared to play a role in the cytoadherence of P. falciparum IE. Alternatively, thrombospondin (TSP), a soluble, multifunctional adhesive glycoprotein involved in numerous cell-cell and cell-substrate interactions (16) has been reported to mediate the cytoadherence of P. falciparum IE (17) when it was shown that P. falciparum IE adhered to immobilized TSP. We have recently shown that TSP binds to the 88-kD membrane glycoprotein and that this interaction is inhibited by MAb OKM5 (18) .
These observations suggested that cytoadherence possibly involves an interaction between a membrane receptor for TSP (the 88-kD glycoprotein), TSP, and a putative parasite ligand on the infected erythrocyte membrane (19, 20) . We have isolated the 88-kD membrane glycoprotein (GP88) from C32 melanoma cells and platelets by affinity chromotography and investigated the interactions of IE with this glycoprotein and TSP. Here we report that purified GP88 competitively inhibits cytoadherence and when immobilized on plastic specifically binds P. falciparum IE. Furthermore, our results indicate that P. falciparum IE interact with C32 melanoma cells and purified GP88 independently of TSP.
Methods sitemia (10-30%) and cryopreserved in liquid nitrogen by the American Red Cross high glycerol-slow freeze method oferythrocyte freezing (23, 24) . The FCR3 and FVO strains of P. fakciparum were also cultured in vitro in human 0+ erythrocytes and cryopreserved at the ring stage at 10-15% parasitemias. The above isolates were knob positive/ binding positive (K+/B+) on human C32r melanoma and human umbilical cord endothelial cells, as well as monocytes (10, 22) . Knobless/binding negative (K-/B-) variants of the MC, SL, and FCR3 strains were maintained in splenectomized monkeys (MC and SL strains) or in vitro in human 0+ erythrocytes (FMG). P. brasilianum, P. vivax, and P. knowlesi parasites were maintained in squirrel monkeys.
Cell culture. Cryopreserved P. falciparum ring IE were thawed as previously described (24) and grown for 24-36 h in vitro in RPMI-1640 tissue culture medium supplemented with either 10% human AB serum or 15% horse serum. In some experiments, IE were cultured in a serumless medium, HB102, containing 2.5% bovine albumin. C32r human amelanotic melanoma cells (CRL 1585; American Type Culture Collection, Rockville, MD) were cultured in RPMI-1640 supplemented with 10% FCS or 5% horse serum. Melanoma cells were scraped from flask cultures and resuspended in fresh medium at 5 X 104 cells/ml for use in cytoadherence assays. l-ml aliquots were placed in wells ofa 24-well tissue culture plate containing 15-mm diameter glass or plastic (Thermonox; Miles Laboratories, Evanston, IL) coverslips. The cells were then cultured for 48 h before use in cytoadherence assays.
Isolation and purification ofGP88, TSP, and other proteins. GP88
was isolated from either C32-melanoma cells or platelets. C32 melanoma cells or platelets were extracted in 1% Triton X-100 detergent. After centrifugation at 15,000 g for 20-30 min, the detergent extract was passed through an affinity column of either MAb OKM5 or 8A6 covalently coupled to Affigel 10 agarose beads. The column was washed extensively and sequentially with NETT buffer (0.15 M NaCl, 5 mM EDTA, 50 mM Tris, 0.5% Triton X-100, pH 7.2), NETT + 0.5 M NaCl, and PBS, pH 7.2. The column was eluted with 0.2 M glycine, pH 2.5, fractions ofeluate were collected in Tris to neutralize acidity of the samples and dialysed against PBS. Fractions were assayed for GP88 by RIA with 125I-radiolabeled OKM5 or 8A6 or by PAGE and silver staining of the gel for analysis of purity.
TSP was isolated by two methods. The first method was based upon that described by Silverstein et al. (25) with modifications. Briefly, washed platelets were stimulated with calcium ionophore A23187 (2 ,uM) in the presence of Ca2' and protease inhibitors. The supernatant was then applied to a heparin Sepharose CL-4B affinity column, followed by elution with 0.45 M NaCl and chromatography on a mono Q anion-exchange FPLC column. The applied proteins were eluted with a continuous gradient from 0 to 0.8 M NaCl. TSP eluted at 0.6 M NaCl. The second method was a modification of Haverstick et al. (26) for production of calcium-replete TSP. Washed platelets suspended in 0.15 mM NaCl, 20 mM Tris, 5 mM CaCl2, 2 nM MgCl2 buffer (pH 7.2) were stimulated with alpha thrombin. The supernatant was passed over a gelatin Sepharose 4B affinity column several times. The flow through material was then applied to a heparin Sepharose 4B column. Bound TSP was eluted with 0.45 M NaCl, 20 mM TRIS, 5 mM CaCI2, 2 mM MgCl2 (pH 7.2) salt solution and dialyzed against 0.15 M NaCI/Ca2+/Mg2+ buffered with 20 mM Tris (pH 7.2). Analysis of purity was by SDS-PAGE and silver staining.
Fibrinogen, fibronectin, vitronectin, collagen (type IV), gelatin, orosomucoid (alpha-I-acid sialoglycoprotein), glycocalicin (GPlb), histidine-rich glycoprotein (HRGP) were either purified by standard methods (27) (28) (29) (30) or purchased from Sigma Chemical Co., St. Louis, MO.
MAbs and antisera. MAb OKM5 was a gift of Dr. Gideon Goldstein, Ortho Pharmaceuticals, Raritan, NJ, and supplied as purified antibody at I mg/ml in PBS. MAbs 8A6 and lBl were prepared by immunizing mice with GP88, which was partially purified by column chromatography, in Freund's complete and incomplete adjuvant and fusing the mouse spleen cells with FOX-NY myeloma cells by standard hybridoma techniques. The IgG MAbs were purified by MAPS affinity chromatography (Bio-Rad Laboratories, Richmond, CA) from mouse ascites fluid. Analysis ofthese MAbs, 8A6 and I B 1, was by differential RIA on purified GP88, platelets, and C32 and G361 melanoma cells compared with OKM5 (Table I) . OKM5 does not react with G361 melanoma cells and these cells do not exhibit cytoadherence properties for IE (10, 11) * Hybridoma supernatants or purified MAb (OKM5) were screened on polyvinyl chloride RIA plates precoated with poly-L-lysine and melanoma cells (1 x 108/ml), platelets (7 X 109/ml) purified, or GP88 antigen (10 Mg/ml). G361 human melanotic melanoma cells do not bind infected erythrocytes (11) and do not react with MAb OKM5 (10) and serve as a negative control for GP88 expression. F7 is a negative control monoclonal antibody supernatant reactive with human erythrocytes. Detection of bound antibodies was with radioiodinated affinity-purified goat anti-mouse IgG. * '25I-labeled OKM5 and 8A6 were tested in a competitive binding inhibition assay for reactivity with purified GP88 after the bound glycoprotein was incubated with excess cold MAbs OKM5, 8A61B1, and F7 in PBS (100 Mg/ml). § Supernatants were also screened on unfixed, viable C32r melanoma cells and platelets by indirect immunofluorescence and for inhibition of infected erythrocyte binding.
were added to wells. The plates were washed after 2.5 h and 100 41 of 1251I-iodogen radiolabeled rabbit anti-TSP IgG at 105 cpm/well was added, incubated for 2 h and washed and wells were counted in a gamma counter (LKB Instruments, Gaithersburg, MD). Reproducible sensitivity ofthis procedure with TSP standards was -2.0 ng TSP/ml. TSP was removed from RPMI-1640 medium containing 10% human serum by passing the serum several times through columns of heparin-Sepharose CL-4B (15 ml) (Sigma Chemical Co.) on two separate occasions. Samples of the medium were quantitatively analyzed for TSP content by RIA against known TSP standard curves.
Cytoadherence assays. P. falciparum trophozoite/schizont IE were washed twice and resuspended in either RPMI-1640 medium without serum and Na2HCO3 (pH 6.9) or PBS/0.2% glucose (pH 6.9) to a 1% PCV. 0.5 ml of this suspension was placed in the wells of a 24-well tissue culture plate containing coverslips with C32 melanoma cells. Plates were rocked for 1 h, coverslips removed and washed by gentle dipping in wash solutions, fixed in 0.5% glutaraldehyde, Giemsa stained, and the number of bound IE per 100 melanoma cells were counted.
Binding ofinfected erythrocytes to purified proteins was assayed on plastic bacteriological grade petri dishes (model 1007; Falcon Labware, Oxnard, CA). 20-gl drops of purified proteins in PBS or Tris-buffered saline (TBS) (pH 7.2) were deposited in petri dishes and incubated at 37°C in a humidified chamber for 4 h to allow absorption of the proteins to the plastic surface. The excess fluid was removed, dishes washed in TBS solutions containing or lacking Ca2+, and blocked with 1% BSA for 1 h. 1% vol/vol suspensions of infected erythrocytes (8-15% parasitemia) were added to the petri dishes, rocked for 1 h and gently washed. The bound IE were then fixed, stained, and counted.
Localization ofglycoprotein 88 (CD36) in the capillaries ofhuman brains. The postmortem brain tissues of three Burmese with cerebral malaria infected with Plasmodiumfalciparum and three normal brains of accident victims autopsied at Case Western Reserve University (Cleveland, OH) were fixed in 10% buffered formalin for light microscopy. After fixation, they were embedded in paraffin. A peroxidase anti-peroxidase (PAP) method was applied to tissue sections for the purpose of examining the distributions of CD36 (GP88) in the brain vasculature. The antibodies used were MAb 8A6 anti-GP88 and affinity-purified rabbit anti-GP88 polyclonal IgG antibody. The MAb was incubated with sections overnight at 4°C at dilutions of 40 and 4.0 yg/ml, and then incubated with goat anti-mouse IgG (1:20 dilution) for 30 min. followed by mouse PAP complex (1:20 dilution) for 1 h.
Polyclonal antibody was incubated overnight at room temperature at dilutions of 20 and 2 ytg/ml, and then incubated with goat anti-rabbit IgG (1:50 dilution) for 15 min, following with rabbit PAP complex (1:20). After developing with 3,3'-diaminobenzidine, these sections were counterstained with Harris' hematoxylin. The routine staining techniques have been described in detail before (31, 32) .
Results
Competitive inhibition ofIE cytoadherence by purified GP88.
GP88 was affinity purified on either 8A6 or OKM5-Sepharose 4B columns. Fractions eluted from the column after dialysis were analyzed by radioimmunoassay, protein content (OD 280), purity (SDS-PAGE/silver staining), and inhibition of cytoadherence. The fractions containing soluble purified GP88 competitively and specifically inhibited cytoadherence of IE on C32 melanoma cells (Fig. 1) . The degree of inhibition mirrored proportionately the content of GP88 present in the inhibitory fractions as judged by OD 280, RIA, and SDS-PAGE/silver staining. Similar concentrations of orosomucoid did not inhibit IE cytoadherence. Additionally, prior incubation of MAb OKM5 with the pooled fractions of GP88 reversed the competitive inhibition of cytoadherence, as reported before with dialysed extracts of C32 melanoma cells (10) .
Cytoadherence to purified proteins. GP88 and other glycoproteins or proteins involved in cellular adhesion were coated onto plastic petri dishes at 100 ,ug protein/ml for assaying the ability to mediate cytoadherence of P. falciparum-infected 4000. bound only to GP88 under the conditions the assays were conducted (Fig. 2) . No IE bound to the other proteins tested, including HRGP (not shown in Fig. 2 ). More than 99% of the erythrocytes bound to the area of plastic coated by GP88 were infected, although the starting parasitemia of the cell suspensions were from 6 to 12% (Fig. 3 ). Only the K+/B+ phenotype of P. falciparum (FMG strain) trophozoite-infected erythrocytes, whether the erythrocytes were of Aotus monkey or human origin, were able to adhere to the absorbed GP88 ( Fig.  4) . Ring stage-infected erythrocytes of the FCR3 K+/B+ strain or trophozoite IE ofthe FCR3 knob negative strain ofP. falciparum did not adhere to GP88, just as they do not adhere to endothelial or C32 melanoma cells (8, 11, 21) . Erythrocytes infected with three other K+/B+ strains of P. falciparum and two knobless counterpart strains were also tested for adherence MAbs and rabbit IgG against GP88 were incubated with C32 melanoma cells and immobilized GP88 for 1 h before adding the IE (P. falciparum/MC) suspension. Rabbit anti-TSP was added to substrates and the IE 1 h before performance of the cytoadherence assays. Rabbit anti-GP88 and anti-TSP were affinity-purified on GP88 and TSP-affigel 15 columns.
dase treatment (20 mU/ml) for 2 hours had no effect (data not shown). Similar results have been reported for the effect of these enzymes on cytoadherence to C32 melanoma cells (20, 33) . Inhibition of IE cytoadherence to GP88 and C32 melanoma cells by antibodies. Both MAbs OKM5 and 8A6, as well as rabbit anti-GP88, blocked the adherence of infected erythrocytes to C32 melanoma cells. All three antibody reagents also blocked the adherence of IE to immobilized GP88 (Table  II) . A third MAb, lB 1, which reacts with a GP88 determinant distinct from the 8A6 and OKM5 epitopes, did not block cytoadherence of IE to C32 melanoma cells or GP88. Rabbit anti-TSP did not block cytoadherence of infected erythrocytes to C-32 melanoma cells or to immobilized GP88. Rabbit anti-TSP antisera did inhibit cytoadherence of IE to TSP bound to plastic, as has been reported previously ( 17) . Requirement of TSPfor mediating cytoadherence ofIE to GP88 or C32 melanoma cells. Inasmuch as IE bind to TSP (17) and TSP interacts with GP88 (18) the role of TSP mediating either GP88/IE or C-32 melanoma/IE interactions was investigated. First, IE were grown from ring stage to trophozoite-stage parasites in either medium with serum depleted of TSP or in serumless medium. These IE bound to either GP88 or C32 melanoma cells in quantities equal to that of infected cells grown in medium supplemented with untreated serum (Table III) . Secondly, investigation of the Ca2" dependence of cytoadherence revealed that cytoadherence of IE to C32 melanoma cells or GP88 was Ca2" independent, whereas IE binding to TSP is strictly Ca2`dependent. Binding assays done in either 10 mM EDTA or PBS show that the IE will bind to GP88 and C-32 melanoma cells whereas IE binding to calcium-replete TSP is abolished (Table IV) . IE do not bind to noncalcium-replete TSP (Fig. 2) .
Localization of GP88 on brain endothelium. Postmortem human brain sections from accident victims or from patients succumbing to cerebral malaria were incubated with MAb 8A6, rabbit anti-GP88 IgG affinity purified on GP88 conjugated to Affigel 15 normal mouse IgG, or normal rabbit IgG. The sections, developed with either goat anti-rabbit or antimouse HRP conjugate, showed GP88 to be present on endothelial cells of brain tissue vessels in both normal accident and cerebral malaria victims (Fig. 5 ). The less intense reactions in cerebral malaria specimens is most probably artifactual because these sections were in storage for a longer time period and were subjected to harsher fixation conditions.
Discussion
The determination of the molecular moieties involved in the adhesive interaction ofP. falciparum IE and vascular endothelium is an essential step for understanding the biological consequences of sequestration. Previously, it was shown that an MAb (OkM5), recognizing an 88-kD glycoprotein on human cells that specifically bind P. falciparum IE, would inhibit and reverse cytoadherence (10) . It was also demonstrated by Roberts et al. that IE could specifically adhere to TSP (17) , an adhesive glycoprotein synthesized by numerous cell types and involved in cell-cell and cell-matrix interactions (16) . We and 4. others have subsequently presented data that GP88 (CD36) is probably the same as platelet glycoprotein (16, 34) and binds TSP either in a purified or cell bound state in a Ca2+-dependent fashion (18) . These results suggested that cytoadherence of IE could involve three elements, GP88 (CD36), TSP, and a parasite-induced ligand on the infected erythrocyte surface (Fig. 6 ). TSP is synthesized by endothelial cells (35) , monocytes (36) , and C32 melanoma cells and is found in serum (20-50 gg/ml) and plasma (100 ng/ml). Thus this multifunctional protein could be a central mediating element ofcytoadherence either by first attaching to the surface of tissue cells via GP88 (CD36), or to the surface of IE via parasite-binding ligand. A third alternative would be that infected erythrocytes can bind directly to GP88 (GPIV) independent of TSP. The results of this study indicate that the latter hypothesis is most likely correct.
First, to show that previous inhibition of binding by C32 melanoma cell extracts was specifically due to GP88 (10), we affinity purified this glycoprotein and used it to competitively inhibit IE cytoadherence to C32 melanoma cells (Fig. 1 ). This indicated that GP88 (purified either from C32 melanoma cells or platelets) was capable of interfering with cytoadherence of IE and suggested a receptor-like role in this interaction. Further, additional evidence of this receptor role for GP88 was obtained by demonstrating that only IE that exhibit cellular cytoadherence properties IE bind specifically and directly to immobilized GP88. This binding of IE to immobilized GP-88 or C32 melanoma cells can be prevented by MAbs OKM5 and 8A6 or mouse or rabbit anti-GP88 IgG but not by several rabbit antisera to TSP, although anti-TSP blocks IE binding to TSP ( 17) . This result suggested but did not rule out the possibility that TSP was not involved as an intermediary in the adherence of IE to GP88. TSP binding to GP88 and IE is strictly Cal' dependent (Table III, 18) . Removal ofCa" from TSP causes an unfolding of its tertiary globular structure and inhibits interaction with other adhesive proteins (reviewed in reference 16). Binding of IE to GP88 or C32 melanoma cells occurs equally well in isotonic solutions with or without Ca" as well as in the presence of EDTA (Table III ). This again indicated that TSP probably is not involved in the adherence of IE to either purified GP88 or C32 melanoma cells. Further evidence for this was obtained by either culturing parasites in medium containing serum, medium with serum depleted of TSP, or in serumless tissue culture medium and comparing the binding of IE to GP88 and C32 melanoma cells. Binding was comparable in all cases. Thus, it would appear that GP88 is a cell receptor for the cytoadherence of IE and interacts directly with a ligand on the IE surface independent of TSP. Because IE attach to both GP88 and TSP but under differing conditions one could speculate on the existence of two different ligands on the surface of IE or a single ligand with differing functional domains. One high-molecular weight parasite encoded protein exposed on the surface of IE has been identified and has been proposed as a candidate ligand involved in cytoadherence (20, 37, 38) . The evidence for this is indirect and to date, specific immunological reagents have not been produced to enable further evaluation of this proposal. Recently, the gene encoding a blood-stage P. falciparum protein (TRAP) was reported to contain regions of sequence homology to TSP. The authors raised the speculation that this protein may mediate cytoadherence of IE to GP88 or TSP analogous to TSP binding to GP88 (39, 40) . However, it was not demonstrated that TRAP was present on the surface of IE. Preliminary results using peptides to these regions of homology, CSVTCG, WSPCSVTCG, and RGDS in cytoadherence inhibition assays suggest these domains are not involved in cytoadherence of IE to C32 melanoma cells or immobilized GP88. At 1 mM concentrations, these peptides did not inhibit cytoadherence (Barnwell J., unpublished observation), whereas the CSVTCG peptide does inhibit the interaction of GP88 and HRGP with TSP (Nachman, R., and A. Asch, unpublished observations). The demonstration that GP88 interacts directly with IE in the absence of demonstrable TSP mediation and the production of monoclonal antibodies which inhibit cytoadherence may now offer new approaches for conclusively identifying the elusive cytoadherence ligand of P. falciparum infected erythrocytes. The isolation of the corresponding gene and its product would add one more important component to the development of a vaccine against malignant tertian malaria. IE sequestration has also been hypothesized to be related to the development of cerebral malaria syndrome, which occurs in a small proportion of falciparum malaria cases (5-7). Because P. falciparum IE adhere directly to GP88 and this glycoprotein is known to be present on vascular endothelium in some tissue sites and not in others (41), we investigated the expression of GP88 in brain endothelium. The increased expression of OKM5 antigen (CD36) is inducible in a monocytic cell line (15) and is absent from some endothelium, such as kidney tissue (41) . The induced expression of the CD36 molecule by brain endothelial cells during a falciparum malaria infection with subsequent sequestration of IE in this site could in part explain the genesis of the cerebral malaria syndrome. However, we find that CD36 (GP88) is constitutively expressed on endothelial cells in both normal and cerebral malaria brain tissue. This would suggest that IE sequestration and endothelial adhesiveness per se probably are not directly causal in the induction of the onset of cerebral malaria and other associated factors (42) need to be investigated more closely in human malaria cases.
